Associative learning tasks are commonly defined by a Laboratory of Cognitive Neurobiology Department of Psychology consistent predictive relationship between an arbitrary stimulus and a subsequent stimulus, reward, or reBoston University Boston, Massachusetts 02215 sponse. A good example is provided in this issue of Neuron (Quirk et al., 1997). In this experiment cells in the auditory cortex were recorded as rats were presented with pairings of a pure tone followed by a brief Where and how memories are stored in the cerebral foot shock, the magnitude of tone-evoked responses in cortex are central questions about cognition that have many of the cells was increased by conditioning. The daunted neuroscientists for over four decades (see responses were longer in latency and slower to appear Squire, 1987). Considerations of the "where" question during training than in the part of the amygdala neceshave predominated, and can be traced back at least as sary for expression of fear conditioning, indicating that far as Gall's phrenology, where memory was viewed simple tone conditioning is likely mediated by an alternaas part of the contents of various faculties localized in tive, direct thalamo-amygdala route (see LeDoux, 1995). cortical areas. Pavlov's reflexology replaced this view However, unlike amygdala cells, incremental responses with the radically different notion that memories are mein cortical cells did not disappear when the tone was diated by stimulus-response circuits. However, this idea presented repeatedly without foot shocks and some too was discarded after Karl Lashley failed in his exhauscells showed their peak response at about the time of tive attempts to disconnect cortical circuits and E. Roy the foot shock delivery, suggesting a role for the cortex John found memory "readout" in evoked potentials that in the expectancy of foot shock. were distributed throughout the cortex.
Figure 1. Responses of Olfactory Cortical Cells to Odors and Their Learned Significance
Each bar represents the firing rate associated with one of four rewarded or nonrewarded odors. Cell A fired more strongly to all rewarded odors, and differentially among the rewarded odors. Cell B fired more strongly to all nonrewarded odors, and differentially among those odors. (Adapted from Schoenbaum and Eichenbaum, 1995) .
Figure 2. Responses of Entorhinal Cortical Cells to Each of Eight Odors Used as Cues in a Working Memory Task
The left panels represent activity during sampling of the memory cue, and the right panels represent activity during the end of the Subsequently some cells in the temporal cortex could memory delay. Cell A began firing selectively during sampling (first be activated by either of the stimuli within a pair. Other 800 ms) of odor 5. Although the cell's activity rose during the delay cells that were activated by one of the stimuli also fired for all odors, the firing rate was higher for odor 5 and persisted at in anticipation of presentation of its associate. Similarly, an above-baseline level for this odor throughout the memory delay.
cells in somatosensory or visual cortex learned to reCell B fired selectively during the sampling of odor 8 and then ceased spond to presentation of an auditory cue that signaled firing during most of the delay. Its selective response was then reactivated just prior to onset of the test odor for these trials. (Adapted an impending tactile or visual stimulus, respectively (see from Young et al., 1997) . Fuster, 1995) . In rats, cells in the orbital prefrontal cortex demonstrated a similar capacity for associating odor stimuli. Following training on a task where presentation reflected the location of an intended behavioral reof an odor stimulus that predicted the succeeding presponse (Fuster, 1995) . In the inferior convexity of presentation of another, some neurons that were directly frontal cortex, cells show similar sustained activity to activated by the second cue also began to fire just as specific visual patterns, suggesting that the prefrontal the animal initiated the trial in which the expected odor cortex contains segregated regions processing working would be presented (Schoenbaum and Eichenbaum, memories for different types of material (Goldman-1995) . Rakic, 1996) . In another recent study where monkeys Neural Correlates of Recognition were required to remember pattern and spatial cues, in Working Memory prefrontal activity reflected the convergence of these In working memory tasks the animal is briefly presented stimulus qualities (Miller, 1997) . Sustained stimulus-spewith a sample cue that must be retained across a delay cific firing is not limited to prefrontal areas, but rather and then recognized among one or more cues in a subhas also been identified in widespread areas of the parisequent choice test. Analyses of neural activity have etal and temporal cortex of monkeys (Fuster, 1995 ; focused on the distinct trial periods associated with Brown, 1996) . Also, stimulus-specific delay activity has sample presentation, the memory delay, and recognition been observed in rats in the perirhinal and entorhinal responses to matching and nonmatching choice stimuli.
cortex (Young et al., 1997 ; Figure 2A ) and in auditory Fuster's pioneering studies identified cells in the moncortex (Sakurai, 1990) . key dorsolateral prefrontal cortex that began to fire when In addition, anticipatory stimulus selective neural aca spatial cue was presented and continued to be active tivity associated with working memory has now also throughout the memory delay; some of these cells rebeen observed in the perirhinal and entorhinal cortex (Young et al., 1997). In rats performing an odor-guided flected the memory for the cue location whereas others that subsequently requires less processing to identify the familiar stimulus. Second, memory is reflected in the capacity of cortical cells to sustain or reactivate responses in the absence of the stimulus ordinarily required to evoke the representation. This type of coding can be observed in firing patterns maintained during the delay in working memory tasks, providing a confirmation of Hebb's "reverberating circuit" notion. In addition, the capacity of cortical cells to regenerate item-specific firing patterns when cued by an associated event seems to confirm Hebb's model of complex memories as "phase sequences" involving replays of linked stimulus representations. , 1997.) pus is critical to memory for spatial and other relational information in animals, and is essential in humans for memory that can be expressed by explicit recollection working memory task some cells that were activated by (Eichenbaum, 1997) . Based on this evidence one should a particular sample odor ceased firing during most of the expect to find striking memory-related neural activity in delay, then re-activated their stimulus-selective firing the hippocampus. Hippocampal neurons are difficult to pattern as the animal initiated the test trial, that is, just drive by single sensory stimuli, but after learning and before presentation of the comparison cue ( Figure 2B ). during exploration of the environment they can demonFinally, during the test phase of working memory strate striking activity patterns associated with stimulus tasks, repetition of the sample stimulus sometimes reconfigurations, or relations among cues, as well as besults in incremental or decremental biasing of the cortitween cues and associated behavioral responses. Percal sensory response. Cells in the perirhinal cortex of haps the best known of these is the so-called "place monkeys showed enhanced evoked responses seleccell" phenomenon by which many hippocampal princitively during repetition of the optimal visual stimulus pal neurons fire when the animal is in a particular locawhen it had to be remembered across a delay filled with tion in the environment defined by spatial relations intervening stimuli (Desimone, 1992) . Other cells showed among distinctive cues (Eichenbaum, 1996) . Hippocamsuppressed evoked responses selectively to the optimal pal place cells are capable of sustaining or re-generating visual stimulus whenever it was repeated, regardless of spatially specific firing patterns during exploration when whether it was the cue that had to be remembered, and most of the salient cues are removed, and during the a few cells showed enhanced responses to repeated memory delay in a working memory task (Deadwyler et stimuli. Similarly, in rats performing an odor-guided al., 1995). Traces of coordinated hippocampal activity working memory task, different cells in the perirhinal associated with exploration have been observed to perand entorhinal cortex showed enhanced or suppressed sist or re-occur during subsequent sleep (Wilson and evoked responses selectively during repetition of the McNaughton, 1994) . So, perhaps even more readily than optimal odor stimulus ( Figure 3) . cells in cortex, hippocampal cells rapidly acquire reCommon Properties within a Diversity sponses evoked by learned cue configurations and can of Neural Memory Correlates sustain or regenerate those firing patterns based on The list of cellular memory correlates seems almost as partial cues or recent experience with the same stimuli. large as the number of studies that report them. HowHowever, some contrasts between firing patterns in ever, these diverse findings can be consolidated by the hippocampus and other regions of cortex are also thinking about memory as encoded in two general ways.
quite striking. For example, in monkeys and rats perFirst, memory is reflected in the capacity of cortical cells forming the working memory tasks described above, to bias or modulate their stimulus-evoked responses.
hippocampal neurons do not show stimulus-selective These codings occur as incremental (enhanced) and activity for cues, sustained delay activity, or enhancedecremental (suppressed) responsiveness. Furthermore ment/suppression to specific repeated cues (Brown, the combination of these can shift a tuning curve, and 1995; Eichenbaum, 1996) . Instead hippocampal neural many coordinated tuning curve shifts could account for activity during stimulus sampling reflects the match or the expansion or shrinkage of parts of the overall sennonmatch correspondence between any choice comsory representation within a cortical area. These reparison and its preceding sample cue, i.e., an abstracsponse biases can be held briefly, as observed in the tion of the relevant relationships between the stimuli. working memory tasks, or permanently, as observed in Another unique property of hippocampal cells is their the increased resolution in the cortical maps for relevant propensity for rapidly and unpredictably changing their stimuli. In working memory tasks enhanced responses firing patterns when some of the cues or contingencies could selectively pass an attentional "filter" (Desimone, are altered. These observations suggest that the hippo-1992). Suppressed responses could reflect subthreshcampal code differs substantially from that of the cerebral cortex, and emphasizes the coding of relations old sustained activation, that is, "primed" neural activity information. Goldman-Rakic, P. (1996) . Proc. Nat. Acad. Sci. USA 93, 13473-13480. Hebb, D.O. (1949) . The Organization of Behavior (New York: Wiley). LeDoux, J.E. (1995) . Ann. Rev. Psychol. 46, These observations should re-focus how we think about Merznich, M.M., Recanzone, G.H., Jenkins, W.M., and Grajski, K.A. (1990) . Cold Spring Harbor Symp. Quant. Biol. 55, [873] [874] [875] [876] [877] [878] [879] [880] [881] [882] [883] memory coding in the cortex. Since the discrediting of phrenology and reflexology, ideas about memory storQuirk, G.J., Armony, J.L., and LeDoux, J.E. (1997) . Neuron 19, (this issue).
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age have too often been guided by an implicit view that Rao, S.C., Rainer, G., and Miller, E.K. (1997) . Science 276, [821] [822] [823] [824] memories are entities that can be distinguished from perceptions, actions, and thoughts. This common per- Sakai, K., and Miyashita, Y. (1991) . Nature 354, [152] [153] [154] [155] spective is reflected even in the way we ask the basic Sakai, K., Naya, Y., and Miyashita, Y. (1994) . Learn. Mem. 1, questions, "Where are memories stored?" and "How are Sakurai, Y. (1990). Behav. Neurosci. 104, 856-868. memories encoded?" The conception of memories as Schoenbaum, G., and Eichenbaum, H. (1995) . J. Neurophysiol 74, [733] [734] [735] [736] [737] [738] [739] [740] [741] [742] [743] [744] [745] [746] [747] [748] [749] [750] distinct items that are created and stored, and by some views transferred in succeeding stages from one chemi- Squire, L.R. (1987) . Memory and Brain (New York: Oxford University Press).
cal state or brain locus to another, may be misleading. "nonmemory" are inherently indistinguishable. By one construal of this view, memory is nothing more nor less than the plastic properties of specific cortical information processings. By another equally valid construal, all cortical information processing inherently involves adaptations to stimulus regularities and contingencies. By either view, in the cerebral cortex information processing and memory combine to constitute the structure of our knowledge about the world. The memory code is thus both constrained by and revealed in acquired biases in evoked activity patterns and in the ability to recreate those knowledge representations.
In addition, the secret to understanding hippocampal involvement in memory coding may lie in its anatomical and functional associations with the cortex. The main outputs of the hippocampus are directly back to the widespread areas of cortex that are the origin of its inputs. Thus the role of hippocampal processing should be constrained within the framework of the two types of cortical memory coding outlined above. One possibility, consistent with a large body of data on the characteristics of hippocampal-dependent memory, is that hippocampal relational codings may mediate the property of cortical coding by which related cues can activate the representations of their associates according to the organized knowledge structure. The other property of cortical coding, by which evoked representations are biased through repetition, attention, and reinforcement, may underlie the forms of learning that can occur without hippocampal mediation, consistent with a large body of data on the characteristics of hippocampal-independent memory (Eichenbaum, 1997).
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